Reactions of -diketiminato magnesium and calcium hydrides with 1 atmosphere of CO result in a reductive coupling process to produce the corresponding derivatives of the cis- Although a sequence of amine formylation and deoxygenation may be readily envisaged for the catalytic utilization of CO as a C1 source in the production of methylamines, our observations demonstrate that competitive amine-borane dehydrocoupling is too facile under the conditions of 1 atmosphere of CO employed.
Introduction
The carbonylation of organic molecules with carbon monoxide underpins some of the most widely employed chemical processes. [1] [2] [3] [4] For the best part of a century the development of, for example, olefin hydroformylation, [5] [6] [7] [8] [9] [10] [11] [12] stoichiometric and catalytic Pauson-Khand reactivity 13, 14 and the heterogeneous conversion of CO/dihydrogen mixtures to liquid hydrocarbon fuels through Fischer-Tropsch chemistry have motivated intense interest in the reactivity of carbon monoxide at typical mid-to-late transition metal centers. [15] [16] [17] As a consequence, the chemistry of metal carbonyl derivatives and the reactivity of later transition metal species toward CO are some of the best understood processes in organometallic chemistry. In contrast, reports of CO addition to the polar M-X (X = e.g. C, N, H) bonds of more electropositive and redox-inactive early transition metal or 4f-element species have been more sporadic. [18] [19] [20] Of most relevance to the current work, a handful of reports have shown that treatment of zirconium(IV), cerium(III) and samarium(III) hydride species with CO allows the preparation of ethenediolate derivatives such as species 1 -3 (Chart 1). [21] [22] [23] [24] [25] [26] [27] [28] While the formation of these compounds demonstrates that homologation and reductive coupling of CO may be achieved at a group 4 or lanthanide center, it is notable that no onward or further productive reactivity has been described.
Chart 1: Examples of previously described ethenediolate derivatives assembled from CO at d 0 metal centers.
The reactivity of lithium alkyls and amides with carbon monoxide has been a subject of study for over a century, albeit the electrophilic trapping of the resultant acyl or carbamoyl anion equivalents has only been achieved infrequently. [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] Related chemistry induced by organo-or amidomagnesium derivatives has received even less attention, despite the possibility that the reduced nucleophilicity of the resultant species may provide greater selectivity in subsequent transformations. 42 Prompted by this lacuna, we have recently reported that the reaction of the -diketiminato magnesium hydride [HC{(Me)CNDipp}2MgH]2 (4, Dipp = 2,6-di--4-isopropylphenyl) with 1 atmosphere of CO results in the production of the cis-ethenediolate species (5). 43 The observation of a heavily deshielded doublet of doublets signal at  358.9
ppm during in situ low temperature (90 C) 13 C NMR experiments, led us to suggest that the homologation of two CO molecules had been achieved through the formation of an initial carbenic formyl intermediate (6) and the subsequent sequence of intramolecular hydrogen transfer and, via the oxomethylene species (7), further CO insertion illustrated in Scheme 1.
Under this regime, the cis stereochemistry of the ethenediolate dianion is enforced by the antiperiplanar orientation of the C-H bonds to the carbon lone pair across the further carbenic intermediate (8) . Compound 5 was reported simultaneously, and characterized as a mono THF adduct, by Jones, Maron and co-workers who also confirmed the exothermicity of the reaction sequence shown in Scheme 1 (H = 82.9 kcal mol -1
) through a computational analysis using density functional theory (DFT). 44 Consistent with the apparent facility of the reaction, these latter calculations demonstrated that 6 -8 populate a shallow potential energy surface with a maximum barrier height of only 14.9 kcal mol -1 associated with the ultimate transformation of 8 to 5.
Scheme 1: Experimentally deduced mechanism for the formation of compound 5.
The potential of this chemistry for the development of homologative and reductive processes reminiscent of Fischer-Tropsch catalysis was highlighted through Jones' further isolation of a trimeric magnesium derivative of the  3 -{C3(H3)O3} 3 trianion and our own demonstration that CO could be reduced under very mild conditions (60 °C, 1 atm. CO) to the methyl silane, PhH2SiCH3, by PhSiH3 in the presence of catalytic quantities of compound 4. 43, 44 This latter reactivity was suggested to ensue through the effective interception of carbenic intermediates such as 6, with subsequent deoxygenation predicated on a sequence of rapid and unobservable C=O/Mg-H and Mg-O/Si-H metathesis events driven by the production of stable siloxane byproducts.
-5-
In this contribution we present a combined synthetic and computational (DFT) study which extends this stoichiometric and catalytic CO homologation and reduction chemistry to calcium and exploits the carbonylation of alkaline earth (Ae) amides for the synthesis of Nalkyl and N-aryl formamide derivatives. Furthermore, we demonstrate that these latter species may be reduced to provide methylamine products enabling the, to the best of our knowledge, first selective exploitation of carbon monoxide as a C1 synthon in the homogeneous synthesis of small nitrogenous organic molecules.
Results and Discussion
In an attempt to identify further intermediates during the magnesium-centered reductive coupling of CO, the β-diketiminato magnesium hydride [HC{(t-Bu)CNDipp}2MgH]2 (9) was reacted with one atmosphere of 13 CO at 90 C. 45 Although the increased steric protection Crystallization from the reaction solution at room temperature provided compound 10 as colorless blocks suitable for an X-ray diffraction analysis. The solid-state structure of 10 ( Figure 1 and Table 1 ) demonstrates that the increased steric congestion of the magnesium center results in only limited structural modification in comparison to compound 5. The cisethenediolate ligand again adopts a  2 -2-bridging mode between the respective fourcoordinate Mg1 and three-coordinate Mg2 centers, which is analogous to that observed in 5.
Although there are some slight variations across the most relevant bond lengths and angles, the similarity of these species renders any further comment about the structure of 10 unnecessary.
-6- In a similar manner to the reactions performed with the magnesium hydrides, compounds 4 Scheme 3: Synthesis of compound 12.
-7-An X-ray diffraction analysis was performed on a single crystal of compound 12 grown from a saturated toluene solution ( Figure 2) . Details of the analysis and selected bond length and angle data are provided in Table 1 44 and confirm that the onward reactivity with CO of both the initially formed products of hydridomagnesiation and hydridocalciation, the spectroscopically identified formyl-hydrido magnesium species 6 and a presumed analogous calcium derivative respectively, are extremely facile.
DFT calculations (B3PW91) were performed to provide a comparison between the relative facility of these magnesium-and calcium-mediated CO activation reactions along with the analogous reactions between CO and the, as yet hypothetical, -diketiminato strontium and barium hydrides ( Figure 3 ). Although there are some significant variations across the computed energies of the various heavier alkaline earth-derived intermediates and transition states, the computational study suggested the operation of a common mechanism, which is broadly analogous with that previously proposed for both the carbonylation of the The reactions are deduced to become marginally more exothermic with increasing alkaline earth atomic weight (H = 82. 
Catalytic Reduction of CO
In an attempt to observe homogeneous catalytic CO homologation and reduction analogous to the processes enabled by heterogeneous Fischer-Tropsch chemistry, d8-toluene solutions of phenylsilane and 10 mol% of either compound 4 or 11 were exposed to 1 atmosphere of 13 CO and heated at 60 °C. The reaction employing 4 proved to be absolutely selective for the deoxygenative conversion of carbon monoxide to phenylmethylsilane (compound 14, Scheme 4) and, although slow, requiring heating for 15 days to achieve 20% consumption of PhSiH3 at 60 °C, provides the first example of any homogeneous main group-catalyzed reduction of CO to be described.
Scheme 4:
Reduction of CO with phenylsilane as a hydride source, catalysed by 4.
The formation of compound 14 was clearly evidenced through the development of a resonance at δ 7.32 ppm in the 13 C NMR spectrum, which appeared as a quartet of triplets ( We suggest that in both cases the initial step of the catalysis requires the insertion of CO into the M-H bonds of 4 and 11 to form alkaline earth formyl species analogous to those implicated during the formation of compounds 5 and 12. The absence of any evidence of C2 or higher homologated products, however, suggests that the reaction between such formyl species and a Si-H bond of phenylsilane occurs more rapidly than any homologation reactivity under one atmosphere of CO for both the magnesium and calcium systems. Although no calcium-derived intermediates could be identified by NMR spectroscopy, some insight into the nature of the CO reduction was provided by a single crystal of a new calcium compound (15) , which formed at the cessation of a typical catalytic reaction. Although no other data could be obtained for this compound, the results of the X-ray analysis ( Figure 5 , Table 1 ) revealed the production of a C-silylated calcium methoxide species. Although the presence of a diphenylsilyl substituent indicates that redistribution of the phenylsilane also occurs as a competitive process during the course of the CO reduction, 48 
Alkaline earth-mediated carbonylation of amines
The observation that the insertion of carbon monoxide into the reactive Ae-H bonds of the -diketiminato magnesium and calcium hydrides, 4, 9 and 11, took place through the initial generation of reactive carbene-like formyl derivatives led us to speculate that further productive reactivity could be developed through the direct carbonylation of Ae-N bonds within magnesium and calcium amides. Although a variety of transition metal-mediated aminocarbonylation reactions have been described, 49 60 Although, in our hands, this reaction resulted in problematic competitive protonation of the β-diketiminate ligand, a reaction performed between the calcium hydride (11) and an equimolar solution of ammonia in dioxane was found to provide smooth access to the β-diketiminato calcium amide complex (16, Scheme 5).
Scheme 5: Synthesis of the calcium amide derivative, 16.
Storage of the reaction solution at -35 C overnight resulted in crystallization of large colorless needles suitable for an X-ray diffraction analysis. The results of this experiment are shown in Figure 7 while details of the analysis and selected bond length and angle data are provided in Table 1 60 Although exposure of 16 to a dynamic vacuum at room temperature resulted in decomplexation of the NH3 ligands, the dioxane donors remained coordinated, even at elevated temperatures (ca. ~80 C).
-14- A sample of compound 16 in d8-toluene was exposed to one atmosphere of 13 CO. Interrogation of the resultant 1 H and 13 C NMR spectra revealed complete consumption of the calcium starting material at the first point of analysis. The presence of a new singlet resonance at δ 174.3 ppm in the 13 C NMR spectrum, confirmed that no carbon-carbon coupling had occurred.
In the 13 C-1 H gated spectrum this resonance was observed to split into a doublet of doublets, A saturated THF/hexane solution of 17, which was allowed to slowly evaporate for 3 days at room temperature, afforded crystalline colorless blocks suitable for a single crystal X-ray diffraction experiment. The results of this experiment are illustrated in Figure 8 while details of the analysis and selected bond length and angle data are provided in Table 1 C NMR spectroscopy even at reduced temperature down to the lower limit of -93 °C,
indicating that exchange between the two formamidate ligand bonding modes is facile and occurs faster than the NMR timescale.
-16- N6-Ca2-O1 108.91(7), N6-Ca2-O2 154.60 (7), N6-Ca2-N3 90.14 (7), N6-Ca2-N4
112.31(6), N6-Ca2-N5 79.48 (6) .
Encouraged by the isolation of the parent formamidate derivative 17 this reactivity was extended to the carbonylation of β-diketiminato magnesium and calcium aryl and alkyl amides, ([(HC{(Me)CNDipp}2AeNHR)], Ae = Mg or Ca and R = aryl or alkyl). Although we have previously described the isolation of a variety of amide and anilide derivatives of both -17-alkaline earth metals supported by the identical -diketiminate ligand, 62 , 63 these reactions were most conveniently performed through the in situ protonolysis of either compound 4 or 11 by a stoichiometric equivalent of the appropriate amine or aniline in d8-toluene. The resultant solutions were then degassed and exposed to 1 atmosphere of 13 CO at room temperature.
Scheme 7:
Synthesis of compounds 18 (Ae = Mg) and 19 (Ae = Ca) through the reaction of in situ-generated β-diketiminato magnesium and calcium n-butyl amide complexes and 1 atm. 13 CO.
An initial reaction was performed between compound 4 and n-BuNH2 in d8-toluene. Although The X-ray diffraction analysis of compound 19 revealed a contrasting dimeric complex ( Figure 10 ). The bidentate β-diketiminate ligands coordinate to the six-coordinate calcium centers in a manner reminiscent of 17, with symmetrically bridging n-butyl formamidate ligands, which adopt a mutual coplanar orientation. The {O1-C59-N5}-containing formamidate ligand binds in a  2 -fashion to Ca1 with a bridging interaction to Ca2 through O1 while the formamidate displays an identical bonding mode but via chelation of Ca2 through O2 and N6 and coordination to Ca1 through the 2-O2 center. (7), O2-Ca1-N1 108.42 (7), O2-Ca1-N2 112.74 (7), N1-Ca1-N2 82.84(7), O2-Ca1-N5 130.33(7), O1-Ca2-N3 114.56(7), O1-Ca2-N4 108.62(7), N6-Ca2-O2 54.39(7), N4-Ca2-N3 81.05(7), N5-C59-O1 121.7(2), N6-C64-O2 121.9(3).
Encouraged by these results, the scope of this amide carbonylation reaction was extended to the range of in situ generated alkyl and aryl amides summarised in Scheme 8. Exposure of the in situ generated β-diketiminato magnesium and calcium amide complexes to 1 atmosphere 
Mechanistic Considerations
Based on these observations and the pathway delineated for the formation of compounds 5, 10 and 12 (Scheme 1, Figure 3 kcal mol -1 ) with respect to the starting materials.
-26- -27-
Calcium Formamidate Hydrodeoxygenation
We have recently reported that magnesium formamidate derivatives directly analogous to compounds 18 and 20 -22 may also be formed by the direct reaction of an organic isocyanate with compound 4. 65 Furthermore, these species are readily deoxygenated through reaction with pinacol borane (HBpin) to provide access to borylated methyl amine derivatives under magnesium-catalyzed conditions.
Mechanistic and computational studies of this reactivity delineated a mechanism dependent on a sequence of isocyanate hydroboration and C-O insertion steps, which occurs through the intermediacy of a variety of borylated amidate and hemiaminal intermediates (Scheme 10(a) ). The C-O cleavage reaction and the ultimate generation of the methyl amine product was deduced to occur with production of a magnesium boryloxide species, [{HC(Me)NDipp}2MgOBpin]2, while the thermodynamic viability of the catalytic reaction is ensured through the consumption of this species by reaction with a further equivalent of HBpin.
Scheme 10: (a) proposed mechanism for the magnesium-catalyzed hydrodeoxygenation of organic isocyanates; (b) proposed catalytic cycle for the hydrodeoxygenation of CO sequestered formamidates by 4 or 11.
On this basis, it was postulated that the addition of three equivalents of HBpin to compound 17, prepared consistent with analogous data reported for the range of N-borylated methylamines described in our earlier study of isocyanate hydroboration. 65 Stimulated by this outcome, this reactivity was extended to the isolated magnesium and calcium N-alkyl; and aryl formamidate derivatives, 18 -25. These results are summarised in Table 3 .
Scheme 11: Postulated stoichiometric reduction of complex 17 with three equivalents of HBpin to yield a calcium boryloxide and (pinB)2NCH3.
. 65, 69 Although the reactivity of compound 27 has not been investigated further, we suggest that the reduction of the formamidate species derived through the carbonylation of alkaline earth primary amides occurs through a sequence of reaction steps which is otherwise analogous to those depicted in Scheme 10(a).
-30- -31-and the comparatively limited solubility of CO in hydrocarbon solvents under the 1 atmosphere conditions applied during the catalysis. 70 We are, thus, continuing to develop this novel alkaline earthcentered formylation, homologation and reduction reactivity under higher CO pressures and will report our observations in future publications. 
Catalytic reduction of CO (representative procedure).
In a glovebox, to a vial containing compound 4 or 11, (0.02 mmol, 10 mg), was added toluene-d8 (0.5 mL) followed by PhSiH3 (0.2 mmol, 27.8 µl).
The resultant solution was transferred to a NMR tube equipped with a J. Young's tap, which was sealed and removed from the glovebox. The solution was then freeze pumped thaw degassed to remove argon, exposed to 1 atmosphere of 13 CO, resealed and warmed to 60 o C. The asymmetric unit of 12 comprises one molecule of the calcium dimer, and one molecule of hexane.
The latter is disordered over 2 proximate sites in a 55:45 ratio. C-C distances were restrained to being similar in the disordered solvent region and isotropic ADP restraints were included for some of the partial occupancy carbons therein, to assist convergence. The asymmetric unit of 15 contains half of one molecule, the remainder being generated via an inversion centre proximate to the alkaline earth contender. H1 was located but ultimately included at a calculated position 1.3 Å from Si1. The phenyl ring based on C37 was refined subject to being disordered over 2 proximate sites in a 55:45 ratio. The ADP and distance restraints were included for C-C bonds involving fractional occupancy carbons, to attain a chemically sensible convergence. The asymmetric unit of 18 is constituted by 2 molecules of the magnesium based trimer, 2 molecules of ordered toluene and 2.5 molecules of disordered toluene.
The latter was treated via PLATON SQUEEZE, in preference to modelling significant disorder and smearing of the electron density. There was some disorder prevalent in the main structure also. In particular, C62, C63, C185, C186, C187, C217, C218, C219 were disordered over 2 sites in a 50:50 ratio, while C54, C55, C164 and C265 were similarly disordered in a 55:45 ratio. ADP and C-C distance restraints were included, on merit, for fractional occupancy carbons and their associated metrics, to assist convergence. The asymmetric unit of 19 contains one dimer and two crystallographically independent dimer halves. The latter are proximate to inversion centres which serve to generate the remaining dimer portion in each case. Disorder prevailed in some of the pendant moieties in this structure. In particular, fractional occupancy atom pairs C102/C12A, C135/C13A, C127/C1D and C128/C1E represent one whole carbon each, split between 2 sites in respective ratios of 70:30, 70:30, 60:40 and 60:40. C60A-C63A are also disordered with C60B-C63B in a 70:30 quotient while C66A-C68A exhibit a 60:40 split with C66B-C68B. Some N-C and C-C distances were restrained to being similar in disordered regions, and ADP restraints were added, on merit, to help achieve convergence.
In compound 20 the asymmetric unit comprises half of a dimer molecule and half of one molecule of solvent (toluene). The remainder of the former is generated via a crystallographic inversions centre. The solvent moiety also lies close to an inversion centre, but a combination of disorder (particularly relating to the methyl group) plus smearing of the electron density in the associated phenyl ring precluded derivation of a sensible disorder model without an overwhelming number of restraints. Thus, the solvent -39- The Bpin in the main feature was seen to be disordered over 2 sites in a 65:35 ratio. Chemically equivalent bond distances involving the disordered components were restrained to being similar in order to aid convergence. The boron bound fractional hydrogens were included at calculated positions but with freely refined Uiso values. C85 and C86 in the 80% occupancy solvent moiety were disordered in a 50:50 ratio. The electron density in the region of this guest was a somewhat smeared and, as a consequence, some C-C and ADP restraints were included in order to achieve a chemically sensible refinement.
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